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Abstract

THE PHYSICS OF THE HIGH-DENSITY Z-PINCH
The fiber-in~tiated High -l)ensity Z- Pjnch ( HDZP ) is a novel concept

in which fusion plasma could ‘he produced by applying 2 MV along a thin
filament of frozen deuterium, 20 - 30 pm in diameter, 5 - 10 cm long.
The megamp-range currrnts that result would ohrnically heat the fiber to
fusion temperatures in 100 ns while maintaining nearly constant radius.
The plasma Pressure would be held stal)ly by the self-magnetic fic]d for
many radial sound transit tim~ during the clirrent-rise phase w!lile, in
t.h~ case of D-T, a significa~~t.fraction oft he fiber unckrgoes thrrmonuclear
fusion. This paper presents results of Los Alamos HflZP studies. Existing
and new experiments are descrikl. A succmsion of throrct ical studies,
includirig 1D self-similar and numerical st udim of the l]ot plavnm phaw=,
ID and 2D n~lnwrical studim of tile cold dartup phase, and 3D ~lunwrical
studies of gtability in the hot regime, arc then presented.

1. EXPER2MEN’1%

III existing La Aiamoa expcrirnent.a, [1I currents rising to 250 kA in
150 ns have been passed thrmlgh linear z-pinch columns formed from fihcrn
of w-did deutcrium 20 – 40 pm in diametrr and .5 cm long. 12] Th ~colum IIs

.—..—

“ Pm-formed ul)drr ‘i1S. DOE Magnetic Fusion !?nergy TcchImlogy Fcl -
Iowship, admini~tered by Or& Ridge Associated (Tniversit icm.

[1] SC1[lDDER, D. W., 13xpcrinwwts on high densitv Z pinchrs formmi
frcm solid deutmiunl fikrs, 131111.Am. F’lIyn. SW. 309 ( 1985) 140$1.

12] (: RILLY, E.R., HAMME!,, .J.l!., Rol)fll(;[li?i?, D..l,, S(’[ll)l)v!{,
1). W., S}l I.AK’HTI?R, .J.S,, I’ro(il~cti(}ll of soli(l !)2 tllriwls for (Icilm Z
pinch planmas, Rrv. ‘<(-i. Instrllill. Ml 10 ( 198F>)I$lfifi.
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are observed to remain free of instabilities for 60 - 80 ns, approximate~y
200 Alfv6n times, while undergoing slow expansion (v= x 4 x 105 cm/s),
whereas ideal MHD predicts the growth of unstable modes in about one
Alfvt+n time. Temperatures of 150-300 eV at densities of x 2 x 10a~ cn]’3
have been observed. Diagnostics include X-ray pinhole photography, fil-
tered X-ray diode temperature measurement, neutron yield and time his-
tory, and schlieren photography. [3] A new diagnostic bad on a laser
microscope has been developed to search for the low-plasma-density corona
that might surround the fi!>er. ,4 new experiment under construction; at
Los Alamos will utilize a 200 kJ Marx bank that will extend the current.
in these pinches to 1.2 MA with 100-ns risetime and could utilize D-1’.
This current, passing through a 30 pm diameter fiber, is expected to pro-
duce a temperature of 10 ke’V, allowing the study of plasmas under fltsion
conditions. The current will be C1OSCto the Pease limit of 1.4 MA, for
which steady-state balance between Ohmic heating and bremsstrehlun~
radiation is predicted. Such a discharge could produce :> 1017 D-T fu-
sions, which, if repetit.ivel y pulsed, promises an intense neutron source
of 101s – 1019 n/s for materials testing. The yield can exceed the input
energy, thus also giving promise of a high-Q source of fusion energy. [4]
A diagram of the new experinlent is shown in Fig. 1. Inif ia.1data will be
taken during the winter of 1988-9.

2. SELF-SIMILAR TIME .4 SYMPTC)TICS

Between about, 25 eV, whew tlw fiber enters the pla~in~ phase, and
a few krV, beyond which the n lean frew path exceeds the scale lengt 11s,
the pinch is well described by Braginskii’s dissipative fluid equations. A
lD model, with radial variation, has been studied analyticrd!y and nu-
merically. A subset of these equations, imorporating finite ekctriml and
thermal resistivity in the limit of strong magnetic field, but neglecting
inertia, viscosity, and radiation, m-lmits a class of self-similar solutions.
Analytical so]ut ions for the time evolution as WCIIaa ntmwrical so]ut ions
for the spatial profiles have been obtained [5] [6] Numerical solutions
——————— . . . . . .

[3] HAMMEL, J. E., SC{ JDDER, D. W., (; LASSER, A. H., MNDMAN,
E., NEPEL, R. A,, The Los Alamos solid-dr~iteri~ln]-fiber Z-pinch, exper-
iment and theory, Los Alamos I?eport LA- UR-87-2i02, Proc. Plasma
Focus and Z-Pinch Workshop, Toledo, Spain, 1987.
[4] HAGENS(IN1 R., HAMMEL, J., KRAKOWSKI, R., MILLER, R.,

NEJ3EL, R., SC11DD13R, D., WERLEY, K., The high-density Z-pinch
(HDZP) as a fusion nmltron motlrce, Los AlaIIIos Report LA-{ lR-8’i-34t%l,
Proc. IEEE 12th Symposium ol~ Fusion Ellp:i:mering, Mcmtmry, (:A, (h--
tober 12-16, 1987, II?I?I? (:atalog #R7t’H25047-2 ( 19R7) Vol. 2, p. 835.

[5] ROSENA1l, P.. NEFI131,, R. A., LEWIS, H. R., AntdyRis of pln.nl]la
transport with nl}pliratim to Z-piml] filmw, 1.ONAiai]mn Rqmt I,A [Ill
87-3319, R{ibnlit.trd for ptll)licatim] ill Phyfi. F’lllids.

(6I GLASSER, A.Ii., A nl~~ving finite elrlllrtlt n~{del of tlw hi~ll detlsity

Z-pinrh, lm Alamom Ilqmrt I,A Illi RR 746, mlhll]ittrd for l~ltld;(-atiol] it:
J. ( :01111). Phyn.
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of the full set of equations are found to relax to self-similar behavior at
late times. This is shown by two numerical tests. [7] One is that, when
the current is programmed as I(t) = l.( 1 + t/tO )e, the quantity ~/(d~/dt)
becomes linear in t for all dependent variables j(i). The other lS that the
normalized spatial profile of each physical quantity approaches its own
universal shape (the self-sinm ar profile ), and this asymptotic profile de-
pends only on the value of a, as illustrated in Fig. 2. [5] These tests
also show that the approach to self-similar behavior is qualitatively more
robust than the analytical derivations suggest. First, inertis and viscosity
become unimportant in the time asymptotic limit. (6] Secclnd, although
radiatiori formally breaks the invariance, its main impact is on the time
dependence of the plasma radius and other scale factors, leaving the pro-
files nearly unchanged. [5] Third, inclusion of the f~lii expressions for the
transport coefficients makes only a small change to the results obtained
in the strong field limit. [5,6]

3. ID NONLINEAR FLUID !51NIULATIONS

Two codes have been used to solve the 1D Braginskii eqllations more
completely. [5,6] The first, a transport code, assuming pressure balance
and neglecting inertia ad viscosity, uses a Lagrangian grid. The sec-
ond, incorporating inertia and viscosity as well as transport, usrs an
adaptive grid scheme called Moving Finite Elements. Both aho treat
bremsst rahlung radiation. Both solve for the motion of plamm within
a moving boundary with a radius of order the initial fiber radiuu. Both
show a strong tendency to relax to self-similar profiles closely resembling
those obtained analytically. The final profiles are independent of details
of the initial conditio*~s, even when initialized far from prcsmlre balance so
that large-amplitude oscillations occur. In the presence of inertial effects,
relaxation to pressure balance and self-similarity is caused primarily by
ion viscosity, which scales as T5/2. Si]:m]ations of the ncw Los Alamos
?xpcrin:ellt show relaxation to self-similar profiles relatively early in tinw,
as ilhmtrated in Fig. 3, [6] while for the earlier experiments mch behavior
is men only quite Iat.r or not at all. Thww codes ndeqlmtdy rcprodlwc
conditions obmrved in t.lle exist.illg Los Alalllos cxprrilnent and predict
substantial D-T burn under conditions of t.hr expcrinwnt now in prepara-
tion.

4. COLD STARTUP

These codes cannot address tWCIimportmlt classes of qlwst ions. Ot]e
concerns cold startup. lilraginskii’~ cquat.ionu am valid only at. mdliciecltly
high tempcratllrrs and cannot trcnt the bebarior of thr initinl t,~ansit.ion
fronl thr solid phww. It is eslwclnlly intcrestini~ to Iindmst.and how current
begins to flow through t}w filxr, Two codes addresm them imum by usiilg
the Los A!amoR SESAME ntml]ic dntn Imse to deternlil]r the prcrwllrr,



specific internal energy, and elect rical resistivit y of solid, cryogenic deu-
terium. One is a ID code which also treats the effects of degeneracy and
line and continuum radiation on heat transport. [8] The other incorpo-
rates 2D effects and is capable of treating some stability issucfi. [9] Both
show that. the current initially flows through a large-radius corona of low
density material ablated from the solid fiber. Both indicate that the fiber
in the earlier experiment does not fully ablate until late in the discharge,
as shown in Fig. 4. [9] The density then falls rapidly because the early
experiment does not have enough current, to maintain the pressure. Af-
ter the fiber is completely vaporized, the profiles approach the self-similar
ones discussed above.

5. STABILITY

The other class of questions concerns stability. Ideal I’vIHD theory
predicts that the HDZP should be unstable to m = O sausage modes and
m= 1 kink modes. Implosion pinch experiments are plagued by such in-
stabilities. The HDZP has been observed to remain free of sausage modes
for many Alfv& times, and free of kink modes throughout the discharge.
Two efforts are underway to understand this anomalous stability. Both
are based on the complete fluid equations of Braginskii, including the
fid} magnetized viscosity tensor and all ot.hcr transport, coefficients. One
treatment ;s based on a 3D nonlinear pseudospectrrd code. The other, an
eigenvalue treatment which reduces the equations to a high-order set of
complex coupled ordinary differential equations, is essentially linear b~~t
capable of greater numerical speed and accuracy. Preliminary res~llts with
the pseudospectral code, run in th< linear r~gime, have shown that both
viscosity and resistivity havr a stabilizing illflttcnce on sausage modes, the
formm at high temperatures and the lat.ter at low temperatures.

..—-..—————..— —.. .—.——

[8] MCCA1.L, C. H., The higl, drnsitv Z-l,i~,cl~, Proc. 3rd Lfcti:] An,eriral]
Workshop on Planma Phygics, Sailtia&], (’lliie, Jllly 18-29, 1988.

[9] LINDEM{ITH, If?., NI?i31?l,, R,A., Filwr ablatiou i,, th, did del,-
trri~lnl Z-pinchl l,m Alnmm Report l,A 1IH RR 2037, n~llmlittml for plib-
licnticm in PhyR. Rev. I~ttm~.



FIGURE CAPTIONS

1. 1.2 MA Los Alamos High Density Z- F’inch Experiment, showing the

following parts: 1. load chamber; 2. fiber maker; 3. vertical transmission

line; 4. intermediate energy store; 5. Marx bank.

2. %&d asymptotic pressure profiles P/P. vs. scaled radius f, showing

dependence on a.

3. Plasma temperature T vs. radius r at time intervals of 2 ns for 100 ns,

showing approach to self-similarity.

4. Temporal history of mass density: (a) on axis; (b) at r = 25 pm; (c)

atr= 50 pm.
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